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Abstract
Cholesterol efflux from membranes promotes acrosome reaction in goat spermatozoa. In 1 h of incubation of sperm in the presence of beta-
cyclodextrin (βCD), all the interchangeable cholesterol is desorbed from sperm membranes, although acrosome reaction is fully accomplished
only after 3–4 h of incubation, as previously published. In the present paper we investigate the effect of cholesterol removal from mature goat
spermatozoa on the overall membrane “fluidity” of live cell membranes and of liposomes from sperm lipid extracts. Using steady state
fluorescence anisotropy of 1,6-diphenyl-1,3,5-hexatriene (DPH), we studied the average thermotropic behaviour of membrane lipids, after
incubation of live sperm for 1 h in BSA-free medium with the presence/absence of 8 mM β-cyclodextrin, as a cholesterol acceptor. Unimodal and
bimodal theoretical sigmoids fitted best to the experimental thermotropic profiles of liposomes and whole cells, respectively. In the case of whole
sperm, two phase transitions, attributable to different lipid domains, were clearly separated by using the fitting parameters. After cholesterol
removal, important changes in the relative anisotropy range of the two transitions were found, indicating an increase in the “fluidity” of some of
the lipid microdomains of sperm membranes. These changes in sperm lipid dynamics are produced before the onset of sperm acrosome reaction.
© 2007 Elsevier B.V. All rights reserved.Keywords: Goat sperm capacitation; Cholesterol efflux; Cyclodextrin; Fluorescence anisotropy; Membrane fluidity1. Introduction
Sperm capacitation is required to fertilize an egg. During
capacitation, spermatozoa are hyperactivated and their acro-
some becomes modified in preparation for the acrosome
reaction (AR). Incubating spermatozoa in the continued
presence of seminal plasma prevents capacitation and AR.
Cross [1] described an inhibitory effect of seminal plasma on
sperm capacitation and identified this inhibitory effect as being
due to cholesterol.Abbreviations: AR, acrosome reaction; βCD, β-cyclodextrin; DPH, 1,6-
diphenyl-1,3,5-hexatriene; ΔHvH, van't Hoff enthalpy; M-199, Hanks Salts
Base incubation medium; PC, phosphatidylcholine; PE, phosphatidylethanola-
mine; r, fluorescence anisotropy; SPM, sphingomyeline; TBS, Tris-buffered
saline; Tm, phase transition temperature
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doi:10.1016/j.bbamem.2007.06.011Sperm cholesterol removal is one of the events that has been
implicated in the process of capacitation, that renders sperm
acrosomally responsive [2]. Evidence for sterol depletion
during in vivo [3] and in vitro [4] capacitation has been
obtained. Moreover, sperm cholesterol plays an important role
in controlling the development of acrosomal responsiveness to
progesterone in vitro [5] or to the calcium/proton exchange
ionophore, ionomycin [6]. As has been reported, cholesterol
depletion in certain domains (acrosomal and postacrosomal
regions) of the plasma membrane may be a requirement for the
initiation of AR and sperm–egg binding ability [7–10].
A time-dependent cholesterol removal from spermatozoa is
observed in the presence of serum, which has a beneficial effect
on capacitation and fertilization, as has been observed for ovine
in vitro fertilization [11]. Several cholesterol acceptors have
been tested in vitro, albumin being one of the most prominent
proteins supporting in vitro capacitation [12]. Newly discovered
nonphysiological cholesterol acceptors have been used to alter
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cyclodextrins, cyclic oligosaccharides consisting of 7 β(1–4)-
glucopyranose units, were found to selectively extract choles-
terol from the plasma membrane, in preference to other
membrane lipids [13]. Several authors have used β-cyclodextrin
(βCD) or its derivatives to induce cholesterol removal from
sperm and to study the role of cholesterol efflux in promoting
acrosome reaction (AR) [10,14–19]. Yancey et al. [20]
demonstrated that the order of efficiency in accepting
cholesterol is methyl-β-cyclodextrin (MβCD)N2-hydroxypro-
pyl-β-cyclodextrin (2OHpβCD)Nβ-cyclodextrin (βCD).
Although these are not biological molecules found in the
female reproductive tract or in oocyte envelopes, they have been
used as highly efficient cholesterol acceptors to investigate the
role of cholesterol release as an early event of in vitro sperm
capacitation and AR.
As we previously demonstrated, 30 min after the addition of
βCD to goat sperm, a final removal of about 47% of the total
cholesterol contained in sperm membranes is obtained [10].
Despite this rapid cholesterol removal, the acrosome is not
responsive for 60 min. Interestingly, membrane lipid dynamics
may play a role in the onset of acrosome reaction. We reported
an exponential decay of cholesterol, in contrast with the
sigmoidal kinetics of acrosome reaction from 1 h to 3–4 h after
the addition of βCD to the cell suspension.
Therefore, we were interested in following the changes in the
lipid dynamics of sperm membranes induced by cholesterol
depletion during the initial 60 min of incubation, and before the
onset of AR. As cholesterol depletion has been related to
changes in membrane fluidity [4,18,21–25], we investigated
these changes in sperm membranes using fluorescence aniso-
tropy of 1,6-diphenyl-1,3,5-hexatriene (DPH), which gives
information on the average physical state and lipid domain
organization of live sperm membranes. This study with whole
goat sperm will contribute to better define the biochemical–
biophysical parameters of sperm capacitation. Our results on
liposomes built with goat sperm lipid extracts will allow a
comparative study with several data on liposomes obtained from
mammalian spermatozoa reported in the literature.
2. Materials and methods
2.1. Chemicals
The following chemicals were used: β-cyclodextrin (βCD) (Fluka, Madrid,
Spain), cholesterol (ICN, Aurora, Ohio, USA), chloroform and methanol
(Scharlau, Barcelona, Spain), 1,6-diphenyl-1,3,5-hexatriene (DPH) (Molecular
Probes, Leiden, The Netherlands), dry N2 (Air Liquide España S. A., Madrid,
Spain). M-199 (with Earle's Salts and L-Glutamine) and M-199 (with Earle's
Salts and L-Glutamine but without Phenol Red) incubation media were from
Gibco Invitrogen, Barcelona, Spain. All other chemicals were obtained from
Sigma (Alcobendas, Spain).
2.2. Sperm preparation
Goat (Capra hircus) spermatozoa were obtained from two fertile males
using the artificial vagina technique. The quality of the sample was checked
before every experiment. Spermatozoa were washed three times in M-199
medium and centrifuged at 300×g for 10 min to remove seminal plasma. The
number of spermatozoa in the ejaculate was counted by means of a Neubauerchamber. The percentage of motile sperm was estimated by using a phase-
contrast microscope. Sperm viability was assessed by using a nucleic acid stain,
Hoechst 33258, and visualized by epifluorescence microscopy [26].
2.3. Cholesterol removal from spermatozoa
The optimal conditions for a significant goat sperm cholesterol efflux with a
negligible acrosome reaction were established in a previous publication [10].
Accordingly, aliquots with 8×107 cells were incubated here for 1 h in
capacitation conditions, at 37 °C, 10% CO2, in M-199 medium in the presence/
absence of 8 mM β-cyclodextrin (βCD) as cholesterol acceptor. Motility and
viability of 8 mM βCD-treated sperm were also evaluated as described in
Section 2.2.
Two samples were used for fluorescence anisotropy studies: intact whole
cells or liposomes prepared from sperm lipid extracts. When using intact sperm,
the incubation was stopped by diluting 5/1 with M-199 medium without Phenol
Red, followed by centrifugation in mild conditions (300×g for 10 min), and
washing twice in the same medium. In the case of sperm samples that were used
to obtain lipid extracts, the incubation process was stopped by diluting 5/1 with
TBS buffer (10 mM Tris, 0.15 M NaCl) pH 7.4, centrifuged at 3500×g for
10 min, to ensure quantitative recovery of cells, and washed twice by
resuspension in the same buffer; the last pellet was resuspended in a small
volume (less than 1×109 cells / ml) of TBS buffer and stored at −20 °C until
lipid extraction.
2.4. Lipid extraction from sperm
Lipids were extracted with organic solvents both from control and βCD-
treated spermatozoa using a modification of the method of Bligh and Dyer [27]
according toWolf et al. [28]. Lipid extracts were stored at −20 °C until liposome
preparation or cholesterol determination.
2.5. Cholesterol determination
Dried lipid extracts were used as the material to be analyzed. The
concentration of unesterified cholesterol was determined in the lipid extract from
1×108 spermatozoa, using a modification of a commercially available
enzymatic serum cholesterol assay (HDL Cholesterol; BioSystems, Barcelona,
Spain) which was free of cholesterol esterase (EC3.1.1.13), as described
previously [10]. Briefly, cholesterol oxidase (EC 1.1.3.6.) oxidizes free
cholesterol and some other naturally-occurring β-hydroxy sterols, but not
cholesterol esters, to cholest-4-en-3-one with H2O2 release. The peroxide
oxidatively couples with 4-aminoantipyrine and dichlorophenolsulfonate in the
presence of peroxidase (Ec 1.11.1.7) to yield quinoneimine, a chromogen with
maximum absorption at 500 nm [29]. To ensure solubilization of the lipid
extracts during the assay procedure, detergent Triton X-100 was added to the
Reagent A solution (35 mM phosphate, 0.5 mM sodium cholate, 4 mM
dichlorophenolsulfonate, pH 7.0) to a final concentration of 7.7 mM [20]. We
estimated that the lowest level of sensitivity for this cholesterol assay was
around 1 μg.
2.6. Liposome preparation
Multilamellar liposomes (MLVs) were prepared from organic solvent lipid
extracts of control or βCD-treated spermatozoa. The solvent was evaporated
under an oxygen-free N2 stream and the resulting film was maintained under
high vacuum overnight to remove organic solvent traces. Vesicles were obtained
by resuspending the film with TBS buffer by vortex mixing. The suspensions
were then homogenized by sonication for 30 s in a Dynatech Sonic
Dismembrator (New York, USA) and kept for 1 h at 37 °C under magnetic
stirring.
2.7. Labeling with fluorescent probe DPH
The fluorescent lipophylic molecule 1,6-diphenyl-1,3,5-hexatriene (DPH)
has been established as a probe to detect the “fluidity” of the lipid bilayer of
liposomes, biological membranes and whole cells, by monitoring the anisotropy
Fig. 1. Temperature dependence of steady state fluorescence anisotropy (r) of
DPH (filled points) of liposomes prepared with control sperm (upper curve) or
with βCD-treated sperm (lower curve). For each curve 100 points were obtained
between 4 °C and 65 °C. The experimental data were fitted by using the model
described in the text (continuous lines).
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lipid lateral domains in a membrane, without concentration differences between
ordered and disordered lipid domains [32,33] and is evenly distributed among all
the lipidic regions of a whole living cell [30,34]. Localization of DPH was found
to be similar in the presence and absence of cholesterol, or in membranes of
different cholesterol contents [35,36]. This implies that observed cholesterol-
induced effects on DPH fluorescence polarization also largely reflect differences
in DPH motion, not DPH location [35].
In fluorescence anisotropy studies with whole cells, 1×108 washed control
or βCD-treated spermatozoa were resuspended in 2 ml of M-199 medium
without Phenol Red to avoid interferences of the indicator in the emission
fluorescence spectra of DPH. Alternatively, liposomes were prepared with lipid
extracts from 6×108 goat sperm cells, corresponding to 0.28 mg of phospholipid
[10] in a final volume of 2 ml of TBS buffer. Five μl of 0.15 mM DPH in
tetrahydrofuran were added to the sperm or liposome suspensions and they were
incubated in a thermostatic bath at 37 °C for 30 min in the dark under magnetic
stirring. It was ascertained that DPH uptake was completed during the first
minutes of incubation. In this way, the amount of DPH presented to lipid
bilayers was equivalent to approximately 1 molecule of DPH per 87 molecules
of sperm phospholipid in the case of cells and per 518 phospholipid molecules in
the case of liposomes. The uptake of DPH did not increase the percentage of
non-viable cells and did not affect sperm motility. The samples were used
immediately after their preparation.
2.8. Fluorescence anisotropy measurements
In order to detect membrane lipid phase transitions we employed steady-
state fluorescence anisotropy, a technique that assesses the range of rotational
motion of the membrane-associated fluorescent probe, in this case DPH, during
the lifetime of its excited electronic state, usually several nanoseconds
[21,32,33]. Fluorescence anisotropies were obtained using equation:
r ¼ IVV  Gd IVH
IVV þ 2d Gd IVH ð1Þ
where IVV and IVH are the fluorescence intensities, the subscripts indicate the
orientations of the excitation and emission polarizers and G= IHV/IHH is the
grating correction factor [37]. The greater the extent of probe rotation during its
excited state lifetime, the smaller will be the observed fluorescence anisotropy
(r), to the extent that r=0 for complete DPH reorientation. The probe rotational
motions are tightly coupled to the phospholipid fatty acid chain fluctuations,
which provide a measure of membrane “fluidity” [33].
A SLM-Aminco 8100 spectrofluorometer (Illinois, USA) equipped with
three photomultipliers in T-format, one monochromator for excitation light and a
jacketed cuvette holder was used. The light source was a 450-W ozone-free
xenon short arc lamp (Ushio inc. Japan). Excitation and emission beams were
polarized by three 10 mm Glan-Thompson calcite prism type polarizers. A
wavelength of 360 nm was selected at the excitation monochromator; the
excitation slits were 2 and 4 nm. Two cutoff 2B Kodak Wratten gelatine filters
were used to select a wavelength band higher than 390 nm, with a maximum at
430 nm, in both the vertically and horizontally polarized emission spectra.
Fluorescence values were corrected for light scattering contributions by
subtraction of intensities from unlabeled samples at the same conditions.
These contributions were always less than 3%. The temperature was controlled
using a circulating water bath (Haake, Karlsruhe, Germany) with an accuracy of
±0.01 °C. For each measurement or data point, fluorescence emission was
automatically acquired during 30 s, including the collection of data at both left
and right photomultipliers. We obtained 100 data points in each experiment, at
increasing temperatures between 4 °C and 65 °C at a rate of 80 °C·h−1. Below
room temperature, the sample compartment was flushed with dry air to prevent
condensation.
2.9. Statistical analysis
Data are presented as the mean±SE. Comparisons of the means of each
parameter for control and βCD-treated sperm were analyzed for statistical
significance by Student's t-test and significance was indicated by pb0.05,
pb0.01 or pb0.001.3. Results
As we have previously demonstrated [10], cholesterol
efflux was proved to be necessary to promote acrosome
reaction (AR) in goat spermatozoa. Our previous data showed
that after 30 min of incubation in the presence of 8 mM βCD,
all the exchangeable cholesterol was released from the
membranes but a negligible AR was detected, as assessed by
using the triple stain technique [38]. Incubation for two more
hours was needed to reach maximal AR. There was no
significant increase in the cholesterol efflux between 30 min
and 180 min of incubation.
Because we wanted to investigate the changes induced in the
overall thermotropic behaviour of live goat sperm membranes
just after cholesterol desorption and before the onset of the AR,
we chose 1 h as the optimal incubation time with βCD.
Cholesterol removal from spermatozoa after this incubation
time was assessed to be 41.0%±4.2% (mean±SE, n=5). Cell
vitality before βCD treatment was 90%, and after 8 mM βCD
incubation vitality was still 85%–90%. No significant differ-
ences were found for sperm motility, before and after treatment
with βCD.
3.1. Sperm lipid extracts
Using steady state fluorescence anisotropy of DPH, we
studied the thermotropic behaviour of liposomes prepared with
lipid extracts from sperm that had been previously incubated for
1 h in a medium in the presence or absence of βCD as
cholesterol acceptor. In Fig. 1 we show the temperature
dependence, between 4 °C and 65 °C, of the fluorescence
anisotropy (r) (filled points) of a control sample (upper curve)
and a βCD-treated sample (lower curve) as an example of the
experimental data obtained. In both samples a gradual decrease
in the anisotropy values was observed, corresponding to the gel-
to-fluid lipid phase transition curve with the characteristic shape
of a sigmoid. This is consistent with an increased average
membrane “fluidity”, that is to say, an increased acyl chain rate
Table 1
Summary of the values (mean±SE) obtained for Eq. (2) parameters after fitting
to liposome fluorescence anisotropy data
Liposomes from
control sperm
(n=7)
Liposomes from
βCD-treated sperm
(n=9)
Student's
t-test
Tm (°C) 25.3±0.7 20.1±0.8 pb0.001
ΔHvH (kJ·mol
−1) 68.1±7 54.2±1.5 pb0.05
r1 0.246±0.008 0.250±0.009 pN0.05
r2 0.056±0.008 0.032±0.003 pb0.01
2249M. Companyó et al. / Biochimica et Biophysica Acta 1768 (2007) 2246–2255of motion and a decreased acyl chain order, when the
temperature is raised [33,39]. The phase transition curves
were analyzed as described below, to accurately determine the
differences between them. It is assumed that lipids participate in
a simple two-state equilibrium between a gel phase, in which
DPH has a high anisotropy, and a liquid–crystalline state with a
low anisotropy. Following equation can be well fitted to the
experimental r(T) data [40,41]:
r ¼ r1 þ r2  r1
1þ exp DHvHR
 
1
T  1Tm
  ð2Þ
where T is the absolute temperature and Tm is the midpoint or the
phase transition temperature. r1 and r2 represent the initial and
final asymptotic values of the curve respectively. ΔHvH is the
van't Hoff enthalpy of the transition, which is a measure of the
width of the transition: the broader the transition, the smaller is
ΔHvH [40]. The continuous lines in Fig. 1 are the nonlinear least
squares fit of Eq. (2) to the two sets of anisotropy data; the
coefficients of determination were R2 =0.9999 for control sperm
and R2 =0.9996 for βCD-treated sperm.
The same fitting was applied to several control samples
(n=7) and to βCD-treated samples (n=9), and the correspond-
ing theoretical curves were obtained. The coefficients of
determination for these fittings were in all cases R2N0.9989.
Fig. 2 shows the theoretical curves calculated by introducing in
Eq. (2) the mean of each parameter (r1, r2, Tm and ΔH). These
data are summarized in Table 1.
At temperatures far below Tm, a plateau of about 0.25 (r1) is
reached in the fluorescence anisotropy without significant
difference between control and βCD-treated samples, i.e. the r1
values are independent of the cholesterol content in the lipid
bilayer (Fig. 2 and Table 1). At temperatures far above Tm,
however, the asymptotic anisotropy (r2) of βCD-treated sperm
lipid extract is significantly lower than that of the control sperm
lipid extract. The total anisotropy range (r2–r1) is then expanded
after cholesterol depletion.Fig. 2. Theoretical curves obtained after the fitting of different control samples
(n=7) (upper curve) or βCD-treated samples (n=9) (lower curve). Each
theoretical curve was calculated introducing in Eq. (2) the mean of each
parameter (r1, r2, Tm and ΔHvH). Error bars depicted are SE of the means of
parameters r1, r2, and Tm corresponding to control samples (thin bars) or to
treated samples (thick bars).Importantly, the temperature (Tm) of the gel-to-liquid crystal
phase transition is also significantly lower for the βCD-treated
lipid extract (20 °C) than for the control lipid extract (25 °C).
The van't Hoff enthalpy, ΔHvH, of the lipid extracts also
significantly decreased after cholesterol efflux (see Table 1),
indicating a broadened transition [40].3.2. Whole spermatozoa
Using fluorescence anisotropy of DPH we also studied the
average thermotropic behaviour of whole sperm membranes
after incubation for 1 h in M-199 medium in the presence or
absence of βCD.Fig. 3. Temperature dependence of steady state fluorescence anisotropy (r) of
DPH (filled points) of control whole sperm (A) or βCD-treated whole sperm
(B). For each curve 100 points were obtained between 4 °C and 65 °C. The
experimental data were fitted by using the model described in the text
(continuous lines).
Table 2
Summary of the values (mean±SE) obtained for Eq. (3) parameters after fitting
to whole sperm fluorescence anisotropy data
Control sperm
(n=6)
βCD-treated
sperm (n=6)
Student's
t-test
Tm1 (°C) 14.9±1.5 19.0±0.9 pb0.05
Tm2 (°C) 37.4±1.7 45.7±2.1 pb0.05
ΔH1,vH (kJ·mol
−1) 244.9±47.7 123.2±15.8 pb0.05
ΔH2,vH (kJ·mol
−1) 104.7±11.5 146.9±10.5 pb0.05
r1 0.247±0.013 0.230±0.014 pN0.05
r2 0.196±0.013 0.128±0.012 pb0.01
r3 0.101±0.009 0.067±0.011 pb0.05
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4 °C and 65 °C, of the fluorescence anisotropy (r) of DPH
(filled points) of one control whole sperm sample as an example
of the experimental data obtained. The thermotropic profile
showed a complex pattern with two clearly resolvable
transitions: the first approximately below 20 °C, the second
extending from 20 °C to around 60 °C. To obtain accurate
parameters allowing a better description of this thermotropic
behaviour, the following theoretical curve, corresponding to a
bimodal sigmoid, was fitted to the experimental thermotropic
profiles:
r¼ r1þ r2 r1
1þexp DH1;vHR
 
1
T  1Tm1
 þ r3 r2
1þexp DH2;vHR
 
1
T  1Tm2
 
ð3Þ
The continuous line in Fig. 3A is the result of the nonlinear
least squares best fitting Eq. (3) to experimental data
(R2 =0.9980).
Fig. 3B shows the temperature dependence of the fluores-
cence anisotropy (r) of DPH (filled points) for one sample of
whole sperm, after incubation for 1 h with 8 mM βCD. In this
case the anisotropy curve also showed a complex pattern with
two clearly resolvable transitions. Nevertheless, the temperatureFig. 4. Theoretical curves obtained after the fitting of different control samples
(n=6) (A) or βCD-treated samples (n=6) (B). Each theoretical curve was
calculated introducing in Eq. (3) the mean of each parameter (r1, r2, r3, Tm1,
Tm2,ΔH1,vH andΔH2,vH). Error bars depicted are SE of the means of parameters
r1, r2, r3, Tm1, and Tm2.range of the two transitions significantly changed in treated cells
in comparison with the control cells: the first transition is seen
approximately below 30 °C, whereas the second transition
extends from 30 °C to about 65 °C. The continuous line in Fig.
3B is the nonlinear least squares fit of Eq. (3) to the anisotropy
data (R2 =0.9985).
Fig. 4A and B shows, respectively, the theoretical curves
obtained after fitting of different control samples (n=6) or
βCD-treated samples (n=6). The coefficients of determination
for these fittings were in all cases R2N0.9930. Each theoretical
curve was calculated introducing in Eq. (3) the mean of each
parameter (r1, r2, r3, Tm1, Tm2, ΔH1,vH, and ΔH2,vH), as
summarized in Table 2. It was also tried to fit every
experimental result to a theoretical unimodal sigmoid (Eq.
(1)), but either there was no fitting, or the coefficient of
determination for a unimodal sigmoid was lower than for a
bimodal sigmoid.
As can be seen in Table 2 and in Fig. 4A and B, cholesterol
desorption from sperm, induced by βCD, significantly increases
the transition temperatures of both first (Tm1) and second
transition (Tm2). At temperatures clearly below the onset of the
first transition, βCD-treated and control cells show a similar
value of anisotropy (r1), about 0.23–0.25, also similar to that
shown by the sperm lipid extracts. However, anisotropy at
temperatures clearly above the end of the second transition (r3),
shows a significant decrease after βCD incubation of sperm.
Thus, the total anisotropy range (r3–r1) is expanded after
cholesterol depletion, an observation which had already been
made in the preceding section with liposomes obtained from
sperm lipid extracts. Strikingly, as r2 shows very important
changes with βCD incubation, the anisotropy range r1–r2
expands sharply from 0.051 to 0.102 at the expense of the r2–r3
range, the latter markedly diminishing from 0.095 to 0.061.
The van't Hoff enthalpy ΔH1,vH significantly decreases after
cholesterol removal (see Table 2), as expected for a transition
which is broadened [40]. At the same time,ΔH2,vH, significantly
increases, as expected for a transition which is narrowed.
4. Discussion
4.1. Sperm lipid extracts
In the phase transition curves of liposomes made with sperm
membrane lipid extracts, there are three parameters that
significantly change as a consequence of goat sperm incubation
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der Waals forces among the hydrophobic tails of phospholipids
[42]. The observed decrease of Tm by 5 °C is, therefore,
indicative of a more fluid bilayer. A decrease in Tm ac-
companying cholesterol removal is in accordance with the
results of McMullen et al., which found that cholesterol
incorporation progressively increases the Tm of disaturated
phosphatidylcholines (PC), having chains of 16 or less carbon
atoms [43]. Goat spermatozoa have a very high w/w proportion
(67%) of saturated fatty acid chains linked to the phospholipid
fractions [7,44]. Phosphatidylcholine (PC) forms 36% of total
lipids in goat sperm plasma membrane and contains 55% of
saturated fatty acid chains with predominant 16:0 (31%).
Phosphatidylethanolamine (PE), forms 25% of total lipids and
contains a higher proportion (72%) of saturated fatty acid
chains, 14:0 (24%) and 16:0 (37%) being predominant. It is well
known that PE, for a precise acyl chain composition, shows
higher Tm than PC [45]. Sphingomyelin (SPM) forms 11% of
total lipids and also has a very high content (82%) of saturated
fatty acids, with 14:0 (37%) and 16:0 (36%) as the major
components [44].
In contrast, spermatozoa from most mammalian species have
a high w/w proportion of unsaturated fatty acids (human, 59%
[46]; ram, 71% [47]; rat, 74% [48]) [57]. Among these
unsaturated fatty acids, polyunsaturated 22:5 is predominant
in rat (25%), and 22:6 is predominant in ram (56%) and also in
human (32%). However, in goat spermatozoa there is a very low
proportion of polyunsaturated moieties, with little 22:5 (2%) or
22:6 (4%) fatty acids; the major unsaturated fatty acids are 18:1,
18:2.
The anisotropy parameter r2 also decreases, from 0.056 to
0.032. A decrease in the fluorescence anisotropy indicates an
increase in the rotational mobility of the phospholipid axis
and a decrease in the order of the phospholipid acyl chains
[33]. Therefore, this change is also indicative of an increase
in the overall membrane “fluidity” induced by cholesterol
removal from sperm. The lack of change in the anisotropy
(r1) of sperm lipids at low temperatures (see Fig. 2 and Table
1) is also in accordance with previous results in model
membranes using fluorescence anisotropy [49,50]. For
example, in case of DPPC liposomes, a 30% cholesterol
enrichment causes the r1 value to change from 0.31 to 0.28 at
the gel phase, whereas r2 changes from 0.05 to 0.13 at the
fluid phase [50].
Cholesterol removal from liposomes made with a single
phospholipid–cholesterol mixture is expected to induce a
narrowing of the transition and, therefore, an increase in
ΔHvH [40]. The broadening of the temperature range of the
transition after βCD incubation could be a consequence of the
complexity in the composition of the sperm lipid extracts.
4.2. Control spermatozoa
Steady state fluorescence anisotropy has been used as a
sensitive means of detecting temperature-related fluidity
changes within the membranes of whole sperm cells or isolated
membranes [51–55]. Thermotropic behaviour of sperm mem-branes has also been followed by means of other biophysical
techniques such as microcalorimetry (DSC) [56–58], infrared
spectroscopy (FTIR), [59–61], and electron spin resonance
(ESR) [62].
Using FTIR, Drobnis et al. studied the thermotropic
behaviour of intact live boar sperm in the temperature range
of 0 °C–30 °C, and found a lipid phase transition with an overall
Tm around 18 °C [61]. Also using FTIR with intact bovine
sperm, in the temperature range 2 °C–37 °C, Zeron et al. found
one phase transition with a Tm around 13 °C [59]. By means of
fluorescence anisotropy of DPH, Carlini et al. detected in
human sperm membranes only one resolvable transition
extending from 10 °C to 45 °C [54].
Crowe et al. measured the lipid phase transitions of intact
goat spermatozoa by using FTIR [60]. Although the authors
describe the curve obtained as being centred at a transition
temperature of 21 °C, visual examination of the thermotropic
behaviour would suggest the presence of two separate
transitions, one centred around 15 °C and the other around
30 °C. Holt and North found three detectable thermotropic
phase transitions in isolated plasma membrane fragments of ram
ejaculated sperm by using the Arrhenius plot of the steady-state
fluorescence polarization of DPH [52]. Two of these thermal
transitions coincide with our findings: 16.4 °C (14.9 °C in our
experiments), and 35.7 °C (37.4 °C in our experiments).
However, they also found an intermediate transition at 26.4 °C,
which we did not detect in goat spermatozoa. Similarly, Wolf et
al., by using DSC, studied the behaviour of a plasma membrane
fraction from ram sperm head [58]. They obtained a complex
endotherm, extending from 10 °C to 35 °C and centred around
26 °C, and another endotherm centred around 60 °C.
It is not surprising that there is much controversy in the
literature regarding the thermotropic profiles of membranes of
intact cells, especially in the case of spermatozoa, which are
highly compartmentalized cells. Some of these differences
could partly be explained by the different physical techniques
used in the various studies. Also, preparation techniques may
influence the results and isolating the membranes from the cells
could significantly alter their transition temperature [63].
Under our conditions fluorescence anisotropy has been
accurately measured. The experimental curves obtained were
reliable due to the large number of data points in every r(T)
curve and theoretical nonlinear least squares r(T) curves were
calculated. The statistical study of 6 experiments in the same
conditions allowed us to obtain in a precise manner the
mathematical parameters that define the average thermotropic
behaviour of sperm membranes.
The fact that two different transitions with a distinctly
different thermotropic behaviour have been detected in control
sperm indicates that there are at least two distinctly different
types of lipid domains, “domain 1” and “domain 2”, which
differ strongly in their physical properties; this difference
could result from differences in fatty-acid-chain saturation,
chain length, headgroup type and charge or cholesterol content
[42].
Other authors [62,64] also found a bimodal phase transition
curve for human erythrocyte membranes and Tsvetkova et al.
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[65].
It is perhaps premature to ascertain what is the reason for the
bimodality of the thermotropic behaviour observed in our
studies. The transition near 15 °C could be attributed to
membrane domains rich in unsaturated lipids, whereas the
transition near 40 °C is likely to correspond to membrane
regions that are richer in saturated lipids, including sphingoli-
pids, even probably disaturated lipids.
In a highly polarized cell such as sperm, which have
different morphological regions, plasma membrane is orga-
nized in lateral subdomains. There are probably functional
barriers to diffusion between subdomains, that could prevent
lipid mixing [66,67]. Barriers could act as a selective filter for
molecular complexes, but they might allow exchange of in-
dividual molecules [68].
Within these regions, rigid and fluid lipid phases can coexist
in a submicron regionalization [56,67,69]. As it was described
above, the percentage of saturated fatty acids in goat sperm
membranes is very high. In case of SPM this percentage reaches
82%. SPM is known to exert a rigidifying effect on
biomembranes and it has also been shown to interact
preferentially with cholesterol which favours phase separation
of SPM, leading to liquid-ordered domains or low-density lipid
rafts [70–74]. A role has been proposed for SPM in determining
the distribution of sterols in sperm [75]. Lipid raft fractions have
been prepared from spermatozoa of sea urchin [76], mouse [77],
guinea pig [78], boar [79] and human [80] and their role in
capacitation has recently been studied [77,79–83]. We suggest
that unsaturated lipids could segregate from other lipids to form
a fluid phase, and the remaining lipids, largely composed of
disaturated phospholipids, melt at a higher temperature.
Cholesterol would favour lateral phase separation of membrane
constituents into unsaturated fatty acid-rich, and saturated fatty
acid-rich microdomains with an uneven cholesterol distribution
[84].
4.3. βCD-treated spermatozoa
For βCD-treated sperm we also found two transitions with a
distinctly different thermotropic behaviour (Fig. 4 and Table 2),
which we attribute to two different types of lipid domains,
“domain 1” and “domain 2”, strongly different in their physical
properties. Cholesterol removal produced a significant decrease
in the anisotropy parameter r3 and an increase in the total
anisotropy range (r3–r1) when compared with control cells.
This indicates an increase in the fluidity of some of the lipid
microdomains in sperm membranes. Moreover, there is also a
major change in the relative “height” or anisotropy range (r2–r1;
r3–r2) of the two transitions: the anisotropy range of the first
transition (r2–r1) becomes significantly expanded, whereas the
range (r3–r2) of the second transition becomes reduced.
The increase in the “height” or anisotropy range (r2–r1) of
transition 1 is clearly due to a drastic decrease in the anisotropy
value (r2) of the fluid phase of “domain 1”. This would appear
to indicate an important cholesterol desorption from “domain 1”
[49,50]. It has been proven that cholesterol from fluidmembrane domains is the most likely source for desorptive
efflux by cyclodextrins [71,85].
It should be borne in mind that every anisotropy value in the
curves of Figs. 3 and 4, at a given temperature, has to be
understood as a result of the contributions of the two coexisting
“domains”. So, it is possible that the expansion of the anisotropy
range (r2–r1) contributes to the reduction of the range (r3–r2).
Nevertheless, this hypothesis is not sufficient to explain other
changes, such as ΔHvH changes, induced by cholesterol efflux
in the thermotropic behaviour of sperm membranes.
The anisotropy range (r2–r1) or (r3–r2) of each transition
should also be responsive to the relative size of each “domain”
in the whole sperm membrane. In control sperm, the second
transition anisotropy range (r3–r2) is larger than the first
transition range (r2–r1); this probably means that “domain 2”, a
more rigid domain, is more abundant in control sperm
membranes. Membrane microdomains that participate in this
high Tm transition in sperm control could, after cholesterol
removal, lead to newly rearranged membrane domains with a
lower Tm. This would explain the reduction of the anisotropy
range (r3–r2) of “domain 2” and the enlargement of the “domain
1” (r2–r1) range.
Interestingly, this bimodal behaviour contrasts with the
unimodal behaviour of lipid extracts. This may be due to the
absence of proteins in these extracts and to the loss of lipid
macro- and microdomains during the extraction process. Even
in lipid extracts cholesterol depletion is accompanied by lipid
bilayer fluidification, indicated by a decrease in Tm and also by
a decrease of the parameter r2.
Cholesterol is known to alter dramatically the lateral domain
organization of lipid bilayers in a concentration dependent
manner [86]. It has recently been demonstrated [87] that
cholesterol depletion induces large-scale domain segregation or
phase separation in the plasma membrane of several mamma-
lian cell types. Tsvetkova et al. suggested that, in platelet plasma
membrane, cholesterol may stabilize boundaries between
microdomains so that the removal of cholesterol leads to
coalescence of microdomains into observable micrometer-scale
domains [65]. Thus, cholesterol removal from sperm could
induce a reorganization in the lateral segregation of lipids
[68,77,80]. This lipid redistribution would lead to more
fusogenic domains required for membrane fusion in the
acrosome reaction [22,23].
4.4. Biological consequences of cholesterol efflux
Considerable importance is given to capacitation, in other
words, no fertilization is accomplished by sperm if it is not
capacitated (for review, see Flesh and Gadella (2000)). Of the
many events that accompany capacitation, loss of sterols is one
of the few that has been considered to be obligatory [5,8,88,89].
We showed that cholesterol release from membranes caused
acrosome reaction to occur in goat sperm [10].
Several authors have proposed hypotheses about the
biological consequences of cholesterol efflux from sperm
membranes. An increase in the plasma membrane fluidity
would allow the acrosome reaction to occur. A decrease in
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can readily fuse with the underlying outer acrosomal membrane
[8]. Langlais and Roberts hypothesized that alterations in
plasma membrane cholesterol level in sperm capacitation will
render the plasma membrane more vulnerable to the fusogenic
effects of lysophospholipids generated by endogenous sperm
phospholipase A2 [23].
In the present work it should be taken into account that sperm
was incubated with βCD for only 1 h. In our previous paper [10]
we demonstrated that after 1 h in βCD, AR is not induced. Only
after 2 or 3 h, 30% of cells undergo AR. Thus, the changes here
described in the overall membrane fluidity do not correspond to
an acute destabilization [22]. Rather, for the first hour in βCD,
the membranes would become more liable to further changes
that end in a final fusion of the plasma membrane and outer
acrosomal membrane in the acrosome reaction. The preparative
events for acrosome reactivity at the molecular level, defined as
sperm capacitation, are poorly understood. Our work con-
tributes to better understand the possible role of cholesterol in
the very early capacitating events, by altering in an important
manner sperm overall membrane fluidity. Taking into account
the sub-domain nature of this highly polarized cell [56,66,68],
further research is required to determine which cell regions in
sperm are involved in the proposed lipid domain reorganization
that takes place in capacitation and if the observed membrane
“fluidity” changes are related with domain reorganization.
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